The Drosophila rhodopsin genes (rh's) represent a unique family of highly regulated cell-speci®c genes, where each member has its own expression pattern in the visual system. Extensive analysis of the rh's has revealed several functional elements that are involved in cellspeci®city. We have investigated the functional role of the RCSI/P3 site that is found in the proximal promoter of all Drosophila rh genes. This sequence is remarkably conserved in evolution and is located 15-30 bp upstream of the TATA box. We have previously shown that, in the context of the rh1 promoter, this element is recognized in vivo by a Pax6 protein, the master regulator of eye development. Thus, rh regulation might represent the ancestral function of Pax6. Here, we investigated the role of the RCSI/P3 sequence in the other rh genes and show that they also mediate Pax6 function. We also tested the potential impact of the various RCSI/P3 sequences on the precise cell-speci®c expression of rh genes. Our results demonstrate that, even though all RCSI/P3 sequences bind Pax6, they are clearly distinct in various rh promoters and these differences are conserved throughout evolution: RCSI/P3 appears to participate in the ®ne-tuning of cell-speci®city. We also show that Pax6 or a related Pax protein may be involved in the regulation of olfactory genes. Therefore, in addition to performing a global photoreceptor-speci®c function, RCSI also appears to mediate the combined action of Pax6 and other factors and to contribute to rh regulation in subsets of photoreceptors. q
Introduction
The Drosophila visual system includes three types of sensory organs: the Bolwig organs (or larval eyes), the ocelli (cup-like simple eyes), and the compound eyes that contain about 800 elementary units called ommatidia (facets). The family of Drosophila melanogaster rhodopsin genes (rh's) represents an example of highly functionally related genes, responsible for primary light perception. All six members of the family are distributed among the visual organs but each has a unique non-overlapping pattern of expression (Chou et al., 1996; Hardie, 1985; Huber et al., 1997; Papatsenko et al., 1997) . Such a biological system serves as an excellent model for studying cell-speci®c transcription of a gene family whose members are expressed in physiologically similar but distinct cells, the photoreceptors (PR's). It is also clear that an understanding of the molecular mechanisms controlling the system could be important for discovering biological principles required for very precise gene regulation at the level of tissue and cellular subtypes.
Among the three visual organs, the ocelli are distinct, expressing only a single UV-sensitive rhodopsin gene, rh2, in all PR's (Mismer et al., 1988) . The rh expression pattern in the simple larval visual organ (12 cells) has not been precisely established yet. It is known however that 2 rh's are expressed there (rh5 and rh6), while rh3 and rh4 (and possibly rh1) are not expressed (Pollock and Benzer, 1988; Sheng et al., 1997 ) (Philippe Beau®ls, Ulrike Gaul and C.D., in preparation). The most sophisticated expression pattern is observed in the compound eyes, where each individual ommatidium is comprised of six outer PR's (R1-R6) and two inner PR's (R7 and R8). All outer PR's (R1-R6) contain the same broad-spectrum Rh1, a protein that is the functional equivalent of the vertebrate rod opsin. The inner PR's however, are capable of expressing one of two genes each, in a non-overlapping manner. The resulting pattern can be described as a stochastic array of pale and yellow ommatidia (Britt et al., 1993; Franceschini et al., 1981; Hardie, 1985; Papatsenko et al., 1997) , where rh3 is always present in the R7 cell of pale ommatidia, together with rh5 in R8. In contrast rh4 is expressed in yellow R7 and always coupled with rh6 in R8 (Chou et al., 1996; Chou et al., 1999; Salcedo et al., 1999) . This distribution does, however, have its exceptions: For example in the dorsal marginal region, which is involved in the detection of the vector of polarization of light, rows of ommatidia express rh3 only in both R7 and R8 (Fortini and Rubin, 1990) .
The regulation of rh gene expression is extremely precise in terms of cell-speci®city. It is achieved mainly at the level of transcription since antibody staining for Rhodopsin proteins (Rh), in situ hybridizations for rh mRNA, and results of transgenic experiments with reporter genes, all show similar expression patterns (Fortini and Rubin, 1990; Papatsenko et al., 1997; A. Tahayato and C.D., unpublished results) . To understand this transcriptional control, the minimal promoter sequences required for the precise cell-speci®c expression of rh genes were established by deletion analysis and crossspecies sequence comparisons (Fortini and Rubin, 1990; Mismer et al., 1988; Mismer and Rubin, 1987; Mismer and Rubin, 1989; A. Tahayato and C.D., unpublished results) . It was found that the minimal promoters (160±500bp) are suf®-cient to recapitulate the cell-speci®c expression patterns for all rh's, and thus respond adequately to cell-speci®c signals, although they usually show only a fraction of wild type activity levels.
Based on the fact that all rh's are only expressed in PR's, one might have expected to ®nd common sequence elements among these related genes. Initial attempts to de®ne common features of rh promoters by sequence comparison within a range of rh minimal promoters (from , 2 500 to 1100) have resulted in the discovery of only two elements common to all genes: the TATA-box and the so-called RCSI sequences (Rhodopsin Conserved Sequence I). Both of these elements are necessary for transcription of all rh promoters as their mutation causes a total loss of activity (Fortini and Rubin, 1991; Mismer and Rubin, 1989; A. Tahayato and C.D., unpublished results) . The homology between RCSI and the palindromic Paired-class homeodomain binding sites (P3 subtype) (Wilson et al., 1995; Wilson et al., 1996) allowed us to predict a functional link between RCSI and the critical regulator of eye development, Pax6 (Papatsenko et al., 1997; Sheng et al., 1997) . The direct interaction between what is believed to be a dimer of the Pax6 homeodomain (HD) and RCSI/P3 was demonstrated genetically and molecularly for the rh1 gene . Two eye speci®cation genes eyeless (ey) (Quiring et al., 1994) and twin of eyeless (toy) (Czerny et al., 1999; Hauck et al., 1999) encode Pax6 proteins in Drosophila. These two genes have~90% identity in their PD and 95% in their HD (Gehring and Ikeo, 1999) and both are able to induce ectopic eye formation when misexpressed in Drosophila imaginal discs. The misexpression of toy usually leads to the ectopic expression of ey, but expression of ey does not induce toy expression, thus placing toy upstream of ey (Czerny et al., 1999) . Thus far it is not known which Pax6 gene is involved in rhodopsin regulation.
Interestingly there are no sequences other than RCSI that are common to all rh promoters. At best, a few similar and/or evolutionary conserved regions can be detected, but only among certain subsets of the rh promoters. Moreover, in some cases, such as the rh3 and rh4 promoters, virtually no common sequences outside of the TATA box and RCSI can be observed, despite the fact that these two genes are both expressed in R7 PR's (rh3 in R7 pale, rh4 in R7 yellow).
Based on these observations, a formal principle for the organization of rh promoters has been proposed ( Fig. 1) : The proximal part, including RCSI, confers photoreceptor speci®city . Distal upstream sequences, together with the proximal part, direct photoreceptor subtype speci®c expression (Fortini and Rubin, 1990; Papatsenko et al., 1997; A. Tahayato and C.D., unpublished results) . Although the separation of these two functions might not be absolute, it helps de®ne the different functional units of rh promoters and facilitates their further dissection.
In the current work, we limited our investigations to the proximal element and we asked whether the RCSI sequences from all rh promoters are bound by Pax6 protein in vivo, like the RCSI of rh1.We also asked whether all Fig. 1 . Hierarchy of functional elements in the rhodopsin promoters. The typical arrangement of regulatory elements in rh promoter is shown, using rh3 as an example. The common RCSI element, together with the TATA box (proximal promoter) provides general photoreceptor-speci®city (red line). These elements are absolutely necessary for promoter function. Upstream regulatory sequences (candidate binding sites are shown in boxes) are not all absolutely essential for promoter activity, but they are required to provide the full speci®city to the rh promoter (green line).
RCSI modules are functionally equivalent among different rh promoters. We show that all RCSI sequences include a binding site for Pax6. However, within the different RCSI sites, the Pax6 site sometimes overlaps other functional motifs. Thus, these regulatory modules are not equivalent in all rh promoters, where they appear to contribute to cellspeci®c tuning of rh expression.
Results

Structure of RCSI
We compared the sequence of the highly conserved RCSI element for the 18¯y rh promoters available from GenBank and the Drosophila genome project ( Fig. 2A) . We also included in this comparison the RCSI-like sequence from the rh promoter of a crustacean Gonodactylus oerstedii (Brown et al., 1999) , which is the only other invertebrate rh promoter sequence available.
The ®rst observation that we made from the alignment is that only the rh6 and rh7 (rh7 encodes a new Drosophila Rh-like protein, predicted by the Drosophila genome sequence) genes contain an RCSI site that closely matches the consensus site derived experimentally for the Pax6 HD, TAATYCGATTA and TAATYNRATTA (Czerny and Busslinger, 1995; Jun and Desplan, 1996; Wilson et al., 1993) . Instead, the general consensus produced by alignment of all rh RCSI sites is TAATYNRATTN ( Fig. 2A) : Thus, the second HD binding sequence (ATTA) of the potential bipartite HD site is almost never perfect in RCSI.
Closer consideration of the alignment revealed strong evolutionarily conserved differences among groups of rh promoters. For example, sequences from rh1, rh4 and Gonodactylus show related RCSI sequences with the consensus TAATTNRATTT, which differs from the optimal Pax6 P3 site by a substitution in the second inverted TAAT motif (ATTT instead of ATTA, Fig. 2A ). This striking conservation in several species makes it highly unlikely that random variations are responsible for these differences. Interestingly, the tree describing the relationship among RCSI sequences does not ®t the phylogenetic relation for the rh's based on their coding sequences (Fig. 2B ). Therefore the only possible reason for the observed differences is the involvement of the ®ne informational content of RCSI for proper tissue-speci®c regulation. In this regard, this is consistent with the fact that RCSI of rh2 (the only gene that is expressed in ocelli and not in the compound eye) is clearly distinct from the other RCSI elements (Fig. 2B, left ). An argument against functional differences among RCSI sites would be existence of other compensatory RCSI-like sequences that provide the correct information together with the original RCSI (Tautz, 2000) . However, the proximal RCSI is generally unique and non-redundant.
As we have shown that Pax6 binds to the rh1 RCSI, the complete identity between RCSI of rh1 and rh4 (although these promoters share no other sequence similarities) suggests that Pax6 also binds to the rh4 RCSI. It is more dif®cult to draw the same conclusion for other rh promoters as their RCSI sequences vary signi®cantly from those of the rh1/rh4 group ( Fig. 2A ). For example, the rh3 RCSI, TAATCCAATTC, is different from the rh1/rh4 consensus, not only in the right part of the core HD site (ATTC vs. ATTT; the canonical HD site is ATTA), but also by the central bases which are recognized by the speci®city-determining residue 50 of the HD (Hanes and Brent, 1989; Treisman et al., 1989) . The CC found in rh3 RCSI is preferably recognized by K 50 HD's, while the central bases of rh1/rh4 RCSI are more typical for S 50 (e.g. Pax6) or Q 50 HD's The red box shows the common conserved region between the rh1 and rh4 promoters in all Diptera and in the rh promoter from the crustacean Gonodactylus. The blue box shows the matches to K 50 HD sites found in the RCSI of all rh3 and rh6 promoters. The green box shows a conserved sequence in the divergent rh2 RCSI (GCCAAT). (B) Phylogenetic tree for Drosophila Rhodopsins based on coding sequence (right) vs. tree built for their 10bp RCSI sites (left). No correlations can be observed between these two trees, which is in agreement with the faster evolution of regulatory sequences as compared to coding regions. The tree on the left re¯ects differences in rh regulation, consistent with the fact that the rh2 RCSI (expressed in ocelli) is the most distant. (C) Comparison between the synthetic PD sequence used in our replacement experiments and different PD binding sites for the Pax transcriptional regulators predicted experimentally by the SELEX method: PAX6 (Epstein et al., 1994) , Paired and Eyegone (Jun et al., 1998) . . The rh3 RCSI has signi®cant similarity to the inverted RCSI of rh6: TAATCCAATTA, but rh6 RCSI has a perfect core TAAT for both halves of the HD core sequence (Fig. 2AB ). rh6 has also an additional TAAT HD core recognition sequence just downstream of its RCSI. Finally, the consensus for rh5 RCSI (TAATTAGATTC) resembles rh3 RCSI only in its right HD core ATTC. The rh2 group RCSI is the most divergent. For instance, that of D.virilis contains two mismatches in the left HD core ( Fig.  2A,B) , virtually disrupting HD binding. Thus, the observed variations among RCSI sites are not fully consistent with the idea of a common, general role for RCSI previously proposed . Instead, they may indicate that additional, PR-speci®c information is present in this common rh promoter module. In this case, Pax6 might or might not participate alone to these in vivo regulations for RCSI sites.
Pax6 acts through RCSI to control expression of all rhodopsin genes
To test whether Pax6 participates in the regulation of all rhodopsin genes, we performed a number of experiments similar to the original ones that showed that the RCSI site of rh1 is recognized in vivo by Pax6 . For these experiments, we replaced the RCSI sequences of the rh3, rh5and rh6 genes with a perfect bipartite consensus binding site for the Pax6 paired domain (PD), the second DNA binding domain of Pax6. The Pax6 PD site is much longer than the HD site and is totally distinct from it. Fig. 2C shows the PD recognition sequences for various Pax proteins and the PD site we used in our experiments.
The results of such HD±PD site replacement experiments are shown in Fig. 3B ,G,L for rh3, rh5 and rh6, respectively. Fig. 4 shows the exact mutations introduced into the targeted promoters. Most modi®ed promoters retained their original pattern and strength of expression. In a few cases, however, we observed a relaxation of promoter speci®city (see below) and, in the case of rh6, we detected higher levels of expression as well (Fig. 3L) . Although the lacZ reporter gene does not allow highly quantitative measurements, the stainings for most transgenic lines (.10 for each construct) showed consistent differences in that particular case.
The replacement of rh3 RCSI by PD sequences resulted in a broadening of expression of the lacZ reporter gene to all R7 cells (`pan-R7', Fig. 3B ). This expansion apparently re¯ects the potential ability of the rh3 promoter to be expressed not only in pale but also in yellow R7 cells. A similar ªpanR7º expression pattern was also observed in an experiment where a short sequence from the rh4 promoter (RCSII) was placed next to RCSI sequence (A. Tahayato and C.D., unpublished results). Interestingly, some lines of ies carrying the wt rh3 promoter fused to lacZ also have a tendency to be expressed in most R7 in the dorsal region of the eye, though expression is much weaker in yellow R7 than in pale R7.
In contrast to the rh3 promoter, replacement of the rh5 RCSI by the Pax6 PD site resulted in no apparent changes in either levels or speci®city of its expression (Fig. 3G) . It is clear from this test that the rh5 RCSI, like rh1, represents a functional Pax6 HD binding site and that rh3 requires Pax6 for its activation.
Replacement of the rh6 RCSI (Fig. 3L) by Pax6 PD sites resulted in no changes of speci®city, but stronger expression in most lines analyzed. However, some transgenic lines exhibited weak ectopic expression of this R8-speci®c promoter in R7 cells (see Fig. 3L ), an effect similar to the PD replacement in rh3, which also led to expansion to R7 cells. Interestingly, these two effects of expansion to R7 cells (either for rh6, an R8 promoter, or for rh3, a restricted R7 promoter) might re¯ect a similar phenomenon, as the rh6 and rh3 RCSI sites are the only sites that contain a K 50 HD binding sequence (see Fig. 2 ). This suggests that a K 50 homeodomain protein might be involved in the repression of these promoters in a subset of R7 cells.
These HD-PD replacement experiments together with our previous data clearly demonstrate that Pax6 acts in vivo through the HD binding sequence within the RCSI of rh1, rh3, rh5, rh6 and presumably rh4 genes. Nevertheless, this binding might not represent the full function of the RCSI module as minor disruptions of expression were observed upon replacement with PD sites. Therefore, although the Pax6 protein likely performs general, uniform function for all rh promoters, the sequence it binds, RCSI, has a somewhat more speci®c role in rh regulation.
Different RCSI sequences behave similarly but not identically in different contexts
In order to understand whether each particular RCSI motif contributes to promoter speci®city, we performed swap' experiments between RCSI sequences. We replaced the RCSI region among the rh3/rh5/rh6 promoters in most combinations and compared the resulting changes in activity and speci®city (Fig. 3D,E,H,J,M) . Interestingly, the overall results of such swaps were very similar to what we observed with the PD substitutions described above: While all modi®ed promoters maintained their original speci®city, striking changes in expression levels as well as some ectopic expression were observed. As seen on Fig. 3A ,F,K, each minimal wild type promoter has a speci®c expression level that varies from gene to gene. For instance, in most transgenic lines, wt rh6 shows higher expression than rh3, which is itself higher than rh5 (.10 lines analyzed for each construct). It is not clear whether these various expression levels correctly re¯ect inherent properties of different rh genes or simply re¯ect the relative strength of our minimal promoters. Swap experiments, however, demonstrate that the observed differences in promoter strength in vivo are due, at least in part, to the strength of their RCSI sequence.
The strongest RCSI sequence is that of rh6. It perfectly matches the Pax6 consensus in both TAAT HD cores and it has also an additional TAAT just downstream of the canonical RCSI: TAATTGGATTAgggCAATTA. However, the right part of the P3 palindrome GGATTAg matches better a K 50 -type HD site than the S 50 HD site expected for Pax6. We used this rh6 RCSI to replace that of rh3 (Fig. 3E) and rh5 (Fig. 3J) . In both cases, this caused a dramatic increase of reporter gene expression. It is not clear whether this effect is due to the presence of two perfect HD cores in RCSI, to the presence of the third HD core, or to both. For example, the additional TAAT might be involved in recruiting homeoproteins other than Pax6 as accessory activators. The opposite replacement (rh6 RCSI replaced by that of rh3, Fig. 3M ) was consistent with the view of a stronger rh6 sequence as this substitution led to a signi®cant decrease in rh6 expression, but caused no changes in its speci®city.
Similar to what was observed with the replacement of rh3 RCSI with the PD sites (Fig. 3B) , replacement with rh6 RCSI also caused an expansion of rh3 to all R7 cells (Fig.  3E) . Replacement of the rh5 RCSI with that of rh6 caused not only an increase in the level of reporter gene expression but also expression in some R7 cells (positive R7 cells are clearly seen on Fig. 3J ). This observation is intriguing since Fig. 3 . PD replacements and RCSI swaps for the rh promoters. Wild type expression is shown for rh3 (A), rh5 (F) and rh6 (K). Expression of the minimal (2343) rh3 promoter (A), is limited to pale R7 cells (,30% of all R7), in the upper part of the retina, and in both R7 and R8 in the dorsal margin. Axon projections of R7 cells to the medulla are clearly seen. Expression of the minimal rh5 promoter (2560), panel F, is limited to pale R8 cells (,30% of all R8), which are located in the lower part of the retina. Expression of the minimal rh6 promoter (2470) in R8 yellow cells (.60% of R8), panel K. The projections to the medulla are also visible. PD replacement experiments are shown for rh3 (B), rh5 (G) and rh6 (L) promoters. Replacement of RCSI by PD in rh3 (panel B), result in equal staining of all R7 cells as the promoter becomes pan-R7 (i.e. the combination of rh3 1 rh4 expression) both in the ventral and in the dorsal compartments. Dorsal margin expression is maintained. Panel G shows PD replacement for rh5. In all lines rh5 remains expressed with the same intensity in R8 pale. PD replacement in rh6 is shown in panel L. Somewhat higher expression (in most lines analyzed) in R8 yellow is observed along with ectopic expression in some R7 cells. The patterns for RCSI swaps are shown on panels D, E, H, J and M. Swap of the rh3 RCSI by that of rh5, panel D, leads to pan-R7 expression as in the case with PD replacement. rh3 to rh6 RCSI swap, panel E, shows the same pan-R7 expression, but higher expression levels. Swap of the rh5 RCSI by that of rh3 (panel H) indicates a correct expression pattern for rh5, though the intensity of the staining is much higher. Swap of the rh5 RCSI by the strong rh6 RCSI is shown on panel J. Very strong staining in R8 cells is observed, with some R7 cells (top layer of retina) also stained. Panel M shows swap of the rh6 RCSI by that of rh3. No signi®cant changes in rh6 expression were detected. neither rh5 nor rh6 are normally expressed in R7 cells. One possible explanation for this R7 expression might be its inherent potential to be expressed in R7. In this case, the insertion of rh6 RCSI might disrupt a potential R7 repressor element. It is not clear, however, whether the ectopic R7 expression occurs through disruption of the interaction of a putative repressor protein (derepression), or simply because the strong rh6 RCSI overrides other negative regulatory events within the rh5 promoter.
Similar to the effect observed with the PD-replacement (Fig. 3B) , the rh3 promoter became pan-R7, but retained its original strength when we replaced the RCSI of rh3 (an R7 promoter) with that of rh5 (an R8 promoter, Fig. 3D ). The reverse combination, however, replacing the rh5 RCSI with that of rh3 (Fig. 3H ), led to a signi®cant increase (3±5 times) of rh5 activity in more than ten independent lines.
For every line for which we performed replacement with the Pax6 PD sites, we observed expression not only in PR's, but also in the olfactory system (not shown). Similar expression in bristle cells of the third antenna segment, maxillary palps and labellum (Carlson, 1996; Smith, 1996) was detected in all those lines, independently of the rh promoter used for the replacement. Such expression is not detected using the wt promoters. Interestingly, this expression was sometimes even stronger than the expression in PR cells.
The olfactory and visual systems are both built on the same basic principle: expression of a single type of receptor molecule per sensory cell; in addition, they have similar signal transduction pathways and appear to share regulatory networks. Finally, Pax6 in vertebrates (e.g. small eye mutants in mice) is required for the development of both the eye and the olfactory system (Brunjes et al., 1998) . Therefore, Ey, Toy, or a related protein of the Pax family might be involved in Drosophila olfaction as well. This putative factor might then differentially use its two distinct DNA-binding domains in two distinct sensory systems: its HD for activation of rh genes in the eye and its PD in regulatory events in olfaction. Alternatively, another Pax protein in the olfactory system might only have a PD and no HD.
To test for the presence of Paired Domain binding sites in genes speci®c to the olfactory system, we retrieved 14 available candidates for Drosophila olfactory receptor genes from GenBank (Gao and Chess, 1999; Vosshall et al., 1999) . Most of these were predicted by sophisticated computer approaches and several have been shown to be expressed in subsets of olfactory receptor cells. We screened the proximal region (,1 kb or less) of these genes for the presence of Pax6 PD and HD binding motifs, but no clear matches in all olfactory genes were detected. The best match for a Pax6 HD binding site was found in the proximal region of the an03 promoter: TAATGTTATTA. The best matches for a Pax6 PD binding site were found in an07: AAGATCACGCAGGAAG, an10: TATAT-CACGCCCAAAT and an15: GTTCTCACGCATGTCG. However, they were all located in distant regions of the olfactory gene promoters. Therefore it does not appear that Pax6 (or another Pax protein) directly regulates all Drosophila olfactory receptor genes. However, transcription factors of the Pax family might still be involved in upstream levels of regulation during the development of the olfactory system.
Discussion
Pax6 is a general regulator for all rhodopsin genes
We have investigated whether the RCSI consensus element plays an equal role in activating all Drosophila rhodopsin promoters or whether it contributes differently to their photoreceptor subtype speci®city.
We replaced the RCSI sequence, which contains a potential Pax6 HD recognition motif, by Pax6 PD binding sites in the rh3, rh5 and rh6 promoters. Our results show that despite the presence of ectopic expression in some cases, all target promoters maintained their original expression. The Pax6 PD and HD sites share no common sequence, but Pax6 binds both with high af®nity Jun et al., 1998) . In many transgenic lines, the Pax6 PD binding sites provided correct qualitative activity to replace the original RCSI HD elements. Therefore we conclude that the RCSI site in all rh promoters contains a functional Pax6 homeodomain binding site. This site is necessary for the activation of all rh genes in the compound eye and thus, the Pax6 protein can be considered as a general activator that does not play a signi®cant role in the extreme photoreceptor subtype speci®city of the rh promoters. However, despite the fact that most modi®ed promoters retained expression in their original location, we also observed different side effects, such as expansion into other classes of PR's. This suggests that the presence of a functional Pax6 site alone is not suf®cient to replace the RCSI sequence, as it is not be suf®cient for perfect promoter regulation.
We also performed RCSI swap experiments among rh3, rh5 and rh6 in order to investigate whether each RCSI sequence contains not only a general Pax6 site, but also other photoreceptor-speci®c information. This possibility is supported by the distinct structure of the RCSI sequence in each rh promoters. Conserved variations among families of RCSI sites (Fig. 2 ) might contribute to rh promoter speci®city by either recruiting heterodimers of Pax6 with other Prd-class HD transcription factors, or some homeodomain proteins, such as K 50 homeoproteins, to the RCSI element.
The main result of our swap experiments was essentially the same as for the PD substitution: all modi®ed promoters correctly maintained expression in their original location, but in several cases, ectopic expression patterns were observed. Another consequence of the RCSI swaps was considerable changes in expression levels. This may be an indication of different af®nity of the Pax6 site within different RCSI sequences. Based on the analysis of several lines (at least ten) for each construct, we can order the strength of the different RCSI: rh6 . rh3 . rh5. Together with our previous studies , our swap and replacement tests suggest that Pax6 plays a similar activator role for the regulation of all rh promoters.
The presence of similar Pax6 sites in all RCSI sites does not explain, however, the ectopic expression observed in several instances. One simple explanation might be the different strengths of Pax6 sites. Incorrect af®nity of the main regulatory site might lead to such unexpected patterns. In particular, a stronger site might override other regulatory interactions. For instance, it is possible that Pax6 binding sites of strictly de®ned strength are required to provide the correct pattern of a given rh promoter. A second explanation for the ectopic expression is the presence of other regulatory motifs within RCSI, together with Pax6 sites. Disruption of these binding sequences in our replacements may explain the observed disruption of promoter speci®city. The RCSI sequences might in fact be composite elements that differ in each rh promoter.
RCS1 as a potential composite element
Although Pax6 appears necessary for the activation of all rh genes through the RCSI, our results suggest that this interaction may not be suf®cient for perfect rh expression. RCSI might represent a composite element that interacts with several regulatory molecules. For instance, a Pax6 homodimer might bind to its palindromic site, unless a heterodimer of Pax6 and another Prd-class HD protein bind to this site. Finally, a regulatory protein other than a homeoprotein might bind to RCSI, thus providing a third factor that either forms a complex with, or might compete with Prd-class homeoproteins (including Pax6, See Fig. 5 ).
Among the potential candidates for the heterodimer model, the two Pax6 genes, ey and twin of eyeless (toy) might act together. It is not known which Pax6 gene, toy or ey acts on RCSI in vivo. Both Ey and Toy have similar af®nity to the Pax6 HD sites (RCSI), and thus, they could be both involved in regulating rh genes through binding to RCSI as homo-or heterodimers. Although ey expression is turned off after the furrow in the third instar larvae, we have shown that it is re-expressed during larval life . Currently there are no reports describing expression of toy in the adult. As both Ey and Toy have a PD, our PD-replacement experiments could re¯ect the function of either gene. However, it has been reported that the PD of Ey binds poorly to DNA as compared to Toy, due to a mutation at a critical residue of the PD (Czerny et al., 1999) , suggesting that Toy is the protein binding to the PD replacement promoter. It must be noted, however, that the Toy binding sites found in the ey promoter (Czerny et al., 1999) are quite different from the Pax6 PD sites de®ned in vitro and the synthetic PD site used in our study (Fig. 2B) .
RCSI might also represent a site for a heterodimer of Pax6 (Toy or Ey) with another homeoprotein from the Prd-class. Binding of such heterodimers to RCSI might lead to different transcriptional outcomes: repression versus activation. This model is supported by the presence of K 50 motif in the rh3 and rh6 RCSI sequences. Both RCSI contain the motif CTAATCC that perfectly matches the binding consensus for K 50 subclass of homeoproteins, such as Gsc and Otd, which are known as repressors (Gao and Finkelstein, 1998; Mailhos et al., 1998; Yuan et al., 1999) . In this case, a Pax6-K 50 heterodimer might form a repressor complex on RCSI. There are also examples where K 50 HD sites overlap other recognition sequences. For instance, the even-skipped stripe2 enhancer has K 50 Bicoid activator binding sites (CTAATCC) overlapping binding sites for the Kru Èppel repressor (Stanojevic et al., 1991) .
Our swap experiments show that the Pax6 PD sites can fully replace the Pax6 HD sites only in one case out of three (rh5, Fig. 3G) . In a few instances, replacement of RCSI of one gene by another did maintain a correct expression pattern (Fig. 3H,M) . However, it is clear that, in most cases, substitution of a native RCSI sequence by a generic Pax6 site is not fully suf®cient to maintain exclusive expression. Therefore, a proper, speci®c structure for RCSI is required to achieve non-overlapping, speci®c patterns of expression. The sequence analysis shown in Fig. 2 strongly supports this idea. These facts, taken together with the presence of other known motifs (K 50 ) within some RCSI sites, suggest a complex role for this potential composite element.
Role of repression in rhodopsin gene expression
In all our experiments, the initial speci®city of our promoters was always preserved as we observed ectopic expression in addition to the expected pattern. This effect is more likely to be caused by disruption of existing repressor elements within RCSI rather than by creating new activator sites. Therefore some repressor sites might be present within at least some RCSI elements. For instance, rh5 and rh6 can be expressed in R7 cells upon changing their RCSI sequence; rh3 can also be expressed in all R7 when its RCSI is changed.
Normally, rh5 and rh6 are expressed in two non-overlapping subsets of R8 PR's. However, in several cases, expression of these genes was observed in R7 cells. In one case (Fig. 3J) , ectopic expression in R7 was obtained as the result of swapping the RCSI sequence of rh5 by that of rh6. In the other case (Fig. 3M) , it was the result of rh6 RCSI replacement by Pax6 PD sites. It is possible that the rh5 and rh6 promoters both have an intrinsic potential to be expressed in both R7 and R8, but are selectively repressed by another factor in R7 cells. The putative R7 repressor factor might bind in the proximity or within the RCSI sequence, and its binding site might be affected by replacement of the RCSI sequence. Through extensive sequence analysis, we have identi®ed a motif common to rh5 and rh6, GNCTAAGNC that is within the highly conserved regions of these promoters. The best match to this motif (GGCTAAGAC) is located 67bp upstream of RCSI in rh5. However, a weak site overlaps the RCSI (aAtTAAGTC, Fig. 5B ). At least two putative R7 repressor sites¯ank/overlap the rh6 RCSI with the strongest one downstream of the third HD core (GTCTAAGAC, Fig.  5C ). Some of these potential repressor sites have been disrupted in our experiments, perhaps resulting in partial derepression of the R8 promoters in R7 cells. We are currently testing the function of the R7 repressor sequence in both rh5 and rh6 promoters.
We also observed an apparent derepression effect when we replaced the rh3 RCSI by either Pax6 PD sites, or by a stronger RCSI (Fig. 3B,D,E) . In this case, rh3, which is normally only expressed in the pale subset of R7, exhibits equal expression in all R7, becoming a pan-R7 promoter. Some of the wild type minimal rh3 lines are also expressed in a pan-R7 pattern (A. Tahayato and C.D., unpublished data), but in those cases, expression in R7 yellow (rh4-speci®c) is much weaker than in R7 pale (rh3-speci®c) and is restricted to the dorsal part of the eye. This derepression cannot be linked to the disruption of the K 50 site in the rh3 RCSI since the replacement by the similar RCSI from rh6 (see above) does not restore the correct pattern. It is also dif®cult to explain this effect by a stronger Pax6 binding site that somehow overrides R7 yellow repression, since a swap with the weaker rh5 RCSI (Fig. 3D) gave the same result. Another repressor binding sequence, different from Pax6 and K 50 might overlap rh3 RCSI or be placed next to it. Sequence analysis of conserved sites within the proximity of rh3 RCSI identi®es the sequence ATTCCG (see Figs. 2A and 5A ) that is unique to rh3 RCSI and is highly conserved. In all our tests with rh3, at least two mutations were introduced into that sequence (see Fig. 4A ). Furthermore, mutation of this sequence to ATTtgG (A. Tahayato and C.D., unpublished results), also resulted in the same very strong pan-R7 pattern. Altogether, these experiments support a functional signi®-cance for this potential repressor element. The distribution of the described sequence elements within different RCSI is shown in Fig. 5 .
The effects caused by changes in RCSI sequences lead us to the general conclusion that regulation of Drosophila rh promoters occurs through the complex interplay of activation and repression. In particular, activation by Pax6 through the RCSI composite element might be regulated by several repressors, speci®c for different rh promoters. Together with the effect of upstream regulatory regions of the rh promoters, this lead to the formation of highly speci®c, exclusive expression patterns.
were sequenced and introduced into¯ies as transgenes as previously described.
Generation of transgenic lines and X-gal stainings. At least 10 transgenic lines were generated and analyzed for each construct. 10 mm cryosections of¯y heads were ®xed in 0.5% gluteraldehyde before staining. X-gal staining was performed in 1£ PBS, 2 mM MgCl 2 , 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 and 1 mg/ml of X-gal for 12 h. The expression patterns were consistent among the many lines coming from the same construct. Although signi®cant variations in levels of expression could be detected, the analysis of more than 10 lines for each construct allowed us to obtain a fairly precise idea of the strength of the various promoters.
